INTRODUCTION
ALTHOUGH THE MAINTENANCE OF ADEQUATE SLEEP TIME AND SLEEP QUALITY ARE IMPORTANT FOR MANY ASPECTS OF OVERALL HEALTH AND NEUROCOGNITIVE performance, [1] [2] [3] [4] very little is known about how sex may affect the health and performance consequences associated with poor and inadequate sleep. A number of sex differences in sleep have, however, been reported. For instance, clinical studies using various methods of sleep analysis suggest that women experience more episodes of insomnia than men and that the concurrence of insomnia with several forms of clinical depression is more prevalent in women. [5] [6] [7] [8] Conversely, men are more susceptible to and far more likely to suffer from sleep apnea than women. [8] [9] [10] Most studies of sleep-wake regulation have focused on males despite, and in large part because of, compelling evidence that fluctuations in the reproductive hormone environment influence a variety of sleep-wake parameters. Studies that have analyzed sleep-wake regulatory processes in humans and animal models have revealed important sex differences, but the underlying physiologic processes linking the sleep-wake cycle to sex and sex determinants remain poorly understood. [11] [12] [13] [14] [15] [16] Given the evident importance of sex differences in normal and pathophysiologic sleepwake states, there is a need to develop stronger animal models to determine the mechanisms responsible for the ability of sex to influence sleep. Although animal models for sleep are reliable for determining the role of specific behaviors and physiologic factors on sleep and wakefulness, few studies in animals have directly examined the influence of sex on sleep. Two studies in rats found that males display significantly more paradoxical sleep during the day and night than females, 17, 18 whereas another study in SwissWebster mice reported a slight diurnal sex differences in rapid eye movement (REM) and NREM sleep amount. 19 Interestingly, recent studies have found that Drosophila display several sex dimorphisms in rest and activity patterns under baseline and restdeprivation conditions, 20, 21 indicating that sex and its interaction with the environment influences sleep-wake parameters across a wide range of species.
Although sexual dimorphism of sleep in mice, the primary mammalian genetic model for sleep investigation, was reported in abstract form more than 15 years ago, 19, 22 little information about the role of sex on sleep and wakefulness in this species is available. Estrous cycle-related differences in the sleep-wake pattern of female rats and humans have made it difficult to study sex effects on sleep; however, the C57BL/6J (B6) mouse, which exhibits very little change in sleep distribution across the estrous cycle, 23 represents a unique candidate model for examining sexrelated differences in sleep and wakefulness. We report here several studies that have identified sex-specific parameters of sleep and wakefulness in the B6 mouse under baseline, as well as sleepdeprivation conditions. Furthermore, we describe the impact of the removal of gonads in adult male and female mice on sex differences in sleep and wakefulness. These findings create the framework for utilizing the mouse as a model organism to study and characterize the mechanisms through which sex influences sleep and how the hormone environment influences the effect of sex on the sleep-wake cycle.
METHODS
Adult male and female mice (C57BL/6J, 8-10 weeks of age) were purchased from Jackson Laboratories (Bar Harbor, ME) and maintained on a 14-hour light:10-hour dark (14L:10D) schedule throughout the study. Food and water were available ad libitum, and animals were housed for at least 2 weeks prior to experimental use. All protocols and procedures were approved by the Northwestern University Animal Care and Use Committee.
Gonadectomy
Animals were deeply anesthetized with an intraperitoneal injection of ketaset (80 mg/kg) and xylazine (8 mg/kg). In male mice (n = 8), a vertical incision was made at the midline of the abdomen, and fatty and connective tissue were removed to expose the inner sacs that encase the testicles. A second incision was made through each casing, and the testes fat pad and epididymes were expressed to the outside and removed. The area was cleaned, and the incisions were closed using silk suture. In female mice (n = 8), an incision was made dorsally through the skin layer and muscle just above the location of the ovary. The ovary was expressed to the surface and ligated using a silk suture. The ovary was removed, the uterine horn was returned to the cavity, and the muscle and skin layers were sutured. Control male (n = 8) and female (n = 8) mice received sham gonadectomies in which invasive surgery was performed but the gonads remained intact.
Recording-Implant Surgery
Immediately following gonadectomy, animals were surgically implanted with electroencephalograph (EEG) and electromyograph (EMG) electrodes for polysomnographic recording of sleep and wake states. Two stainless-steel recording screws (Small Parts Inc. Miami Lakes, FL) were positioned contralaterally to each other on the skull surface. The first was located 1 mm anterior to Bregma and 0.5 mm right of the central suture, whereas the second was located 0.5 mm posterior to Lambda and 1 mm left of the central suture. EMG activity was monitored using stainless-steel, Teflon-coated wires inserted bilaterally into the nuchal muscle. Once the EEG and EMG wires were in place, they were attached to a prefabricated head implant, containing a 1 × 4 pingrid array and attached to the skull using cyanoacrylamide adhesive. All procedures were performed on a heating pad. All mice were allowed to recover for at least 2 weeks prior to any further treatment or surgery. In order to control for pain, over the next 24 hours mice were given Buprenex (buprenorphine, 2 mg/kg subcutaneously) every 12 hours.
EEG/EMG Recordings
Following surgery, the animals were given 20 days of recovery and placed in a sleep-recording chamber and connected to a lightweight rotating tether system (Plastics One, Roanoke, VA), which enabled complete freedom of movement throughout the cage. Except for the recording tether, conditions in the recording chamber were identical to those in the home cage. Mice were allowed a minimum of 7 days to acclimate to the tether. The stage of estrous cycle in intact females was not controlled because of findings indicating only minor changes in sleep related to phase of estrous in the B6 mouse. 23 EEG and EMG waveforms were collected for each animal. EEG signals were amplified approximately 10,000 times, with -6dB/oct high-pass and low-pass filter settings at 1.0 Hz and 30Hz (3dB), respectively. EMG signals were amplified 5,000 times and low-pass filtered at 100 Hz. Both signals were then digitized at 100 Hz by an analog-to-digital converter (Data Translation model DT-01EZ) and stored on an IBM AT computer system. Waveforms were collected using Multisleep (Actimetrics, Evanston, IL), a software system designed specifically for gathering and analyzing rodent sleep data.
Sleep Deprivation
Following a 24-hour baseline recording, mice were sleep deprived during the last 6 hours of the light phase (ZT 8-14) by gentle handling (cage tapping and delicate touching) and given a 10-hour recovery opportunity during the immediate dark phase.
Sleep Scoring and Data Analysis
After collection, all waveforms were classified into 10-second epochs of wake (low-voltage, high-frequency EEG; high-amplitude EMG), NREM sleep (high-voltage, mixed-frequency EEG; low-amplitude EMG) or REM sleep (low-amplitude EEG with a predominance of theta activity (6-10 Hz); very low amplitude EMG). For power spectral analysis, each epoch was divided into five 2-second subepochs, and EEG was subjected to fast Fourier transformation. All 10-second NREM epochs were included in the spectral analysis, even those that contained brief 2-second subepochs of wakefulness. The average power density in the delta (1-4 Hz) frequency range was determined.
Statistics
Data were analyzed using analysis of variance (ANOVA) to detect between-(male vs female) and within-(14-h light vs 10-h dark; baseline vs recovery) factor differences. A repeated measures ANOVA was used to detect the effect of time (light vs dark and 2-h intervals) on experimental variables. Student t tests were used to compare the percentage increase in sleep rebound for NREM and REM sleep and males and females. Posthoc multiplecomparison analysis (Tukey) was used to follow-up variance of main effects. Significance was set at p < .05 for all analyses.
RESULTS

Male and Female Mice Exhibited Differences in Sleep and Wakefulness During Baseline Recording
Over the 24-hour span of continuous baseline recording in sham-operated intact animals, females spent more time awake than males at the expense of NREM sleep.
Wakefulness
When baseline recording was subdivided into the 14-hour light phase and the 10-hour dark phase (Figure 1 ), a 2-way ANOVA detected a significant effect of sex (F 1,14 = 9.8, p = .005) on percentage of time awake and also a sex × time interaction F 1,14 =12.4, p = .002). Posthoc analysis revealed that, during the light phase, females displayed a trend toward more wakefulness than males that was not statistically significant (p > .05). During the dark phase, however females displayed significantly more wakefulness (p < .005) than males ( Figure 1) . Therefore, the additional wakefulness exhibited by females over the 24-hour span occurred primarily during the dark phase. A main effect of time (F 1,14 = 300.3, p = .000) indicated that both males and females displayed a normal diurnal distribution of wakefulness with a sharp rise at the transition to darkness and significantly more wakefulness (p < .005) 
NREM Sleep
The additional wakefulness exhibited by females occurred almost completely at the expense of NREM sleep. As in wakefulness, when the baseline period was subdivided into light and dark phases (Figure 1 ), a 2-way ANOVA detected a significant effect of sex (F 1,14 = 9.1, p = .006) and time (F 1,14 = 345.8, p = .000) on percentage of time spent in NREM sleep and also a sex × time interaction (F 1,14 =8.1, p = .005). Females exhibited less NREM sleep (p < .05) than males over the dark phase. During the light phase, females displayed a trend toward less NREM sleep than males that was not statistically significant (p > .05). When baseline data were averaged over 2-hour intervals (Figure 1 ), a repeated-measures 2-way ANOVA detected a sex × time interaction (F 11,154 = 9.8, p = .006). Posthoc analysis revealed that females exhibited less NREM sleep than males at the same time intervals, over which they displayed more wakefulness ( Figure 1 ).
REM Sleep
There were no significant differences in REM sleep amount between males and females ( Figure 1 ). When the baseline period was subdivided into the light and dark phases, 2-way ANOVA did not reveal an effect of sex (F 1,14 = 2.48, NS) or a sex × time interaction (F 1,14 =2.6, NS). A main effect of time (F 1,14 = 60.8, p = .000) demonstrated that both males and females displayed more total REM sleep during the light phase than the dark phase. When baseline data were averaged over 2-hour intervals, a repeated measures 2-way ANOVA did not find a sex × time interaction (F 11,154 = 1.07, NS).
NREM Delta Power
In order to identify sex differences in homeostatic sleep drive during baseline sleep, we analyzed the diurnal distribution of NREM delta power, a quantitative indicator of sleep pressure and intensity. Absolute NREM delta power during baseline recording was averaged over 2-hour intervals and normalized by taking the quotient of each 2-hour average over the 24-hour average for each animal ( Figure 2 ). When normalized NREM delta power was displayed in 2-hour intervals, a repeated-measures 2-way ANOVA revealed a main effect of sex (F 11,154 = 16.4, p = .000) and time (F 11,154 = 25.7, p = .000) and a sex × time interaction (F 11,154 = 5.4, p = .02). Though both males and females began the light phase with elevated delta power, posthoc analysis revealed that delta power was higher in females (p < .05) during the first 2 hours of the light phase. By the second 2-hour interval of the light phase, NREM delta power was not significantly different between males and females. Males exhibited higher levels of NREM delta power during the first 4 hours of the dark phase, whereas females exhibited higher levels during the fifth and sixth hours (p < .05).
In addition to normalizing NREM delta power over the 24-hour period in the above analysis, we also determined the relative contribution (percentage) of the delta frequency band to overall EEG power within each animal, otherwise known as relative NREM delta power. In intact mice, a 2-way ANOVA did not reveal main effects of either sex (F 1,14 = 1.3, NS) or time (F 1,14 = 0.8, NS) but did reveal a sex × time interaction (F 1,14 = 7.6, p = .005). Females exhibited higher relative NREM delta power (p < .05) than males during the dark phase (Figure 3 ) and demonstrated a trend toward elevated delta power (p > .05) during the entire baseline recording period. 
2-hr intervals
Sleep Fragmentation
There were a number of differences in sleep architecture between male and female mice (Table 1) . When the baseline period was subdivided into the light and dark phase, 2-way ANOVA revealed a main effect of sex on mean wake-bout duration (F 1,14 = 6.8, p = .03) but not on the number of stage shifts (F 1,14 = 2.5, NS) or the number of arousals (F 1,14 = 1.8, NS). A time effect occurred for arousals (F 1,14 = 21.25, p = .000), stage shifts (F 1,14 = 25.3, p = .000), and wake-bout duration (F 1,14 = 6.2=.03), and a sex × time interaction also occurred for the 3 variables: arousals (F 1,14 = 8.9, p = .01) stage shifts (F 1,14 = 7.5, p = .01) , and wake-bout duration (F 1,14 =7.1, p = .01). Posthoc analysis revealed that sex differences in these measures of sleep fragmentation were greatest during the dark phase, during which males exhibited more stage shifts and arousals, whereas females exhibited longer bouts of wakefulness (Table 1) .
Gonadectomy in Males and Females Reduced Sex Differences in Sleep and Wake Patterns Castrated vs Intact Males
Castration resulted in a slight increase in wake amount and a corresponding decrease in NREM and REM sleep amount during baseline recording, but none of the main effects of sex or sex × time interactions were significant ( Table 2) . When the baseline records of intact and castrated male mice were subdivided into light and dark phases, 2-way ANOVA revealed a main effect of time on wake (F 1,14 = 330.7, p = .000), NREM sleep (F 1,14 = 300.4, p = .000), and REM-sleep amounts (F 1,14 = 79.9, p = .000). Posthoc analysis revealed that, during the light phase, both intact and castrated males exhibited less wakefulness and more NREM and REM sleep than during the dark phase.
Ovariectomized vs Intact Females
Ovariectomy resulted in a decrease in wake amount and a corresponding increase in NREM sleep amount but no effect on REM-sleep amount (Table 2) . When baseline records were subdivided into light and dark phases, a 2-way ANOVA revealed a main effect of ovariectomy on wake (F 1,14 = 5.6, p = .04) and NREM sleep amount (F 1,14 =5.0, p = .04), but no interaction between the effects of ovariectomy and time (F 1,14 =2.4, n.s) indicating a cumulative effect of ovariectomy during the light and dark phases ( Table 2 ). There was also a main effect of time on wake amount (F 1,14 = 365.7, p = .000), NREM sleep amount (F 1,14 = 300.5, p = .000), and REM-sleep amount (F 1,14 =70.7, p = .000), with less wake and more NREM and REM sleep occurring during the light phase.
Castrated Males vs Ovariectomized Females
When performed in both males and females, gonadectomy eliminated the daily sex differences in wake and NREM sleep (Figure 4 ). When baseline period was subdivided into light phase and dark phases, a 2-way ANOVA revealed no effect of sex or a sex × time interaction on wake, NREM sleep, or REM sleep. A main effect of time was found for wake (F 1,14 = 310.0, p = .000), NREM sleep (F 1,14 = 295.8, p = .000), and REM sleep (F 1,14 = 100.1, p = .000), such that wake time was higher in the dark phase and sleep time was higher in the light phase in both groups. When baseline data were averaged over 2-hour intervals, a repeated-measures 2-way ANOVA detected a sex × time interaction on wake (F 11,154 = 11.4, p = .004), and NREM sleep (F 11,154 = 9.2, p = .006) but not on REM sleep (F 11,154 = 2.1, NS). Posthoc analysis revealed that ovariectomized females exhibited significantly more wakefulness (p < .05) and less NREM sleep than castrated males at only a single 2-hour time interval (ZT 16-18) during the dark phase ( Figure  4 ).
NREM Delta Power
Gonadectomy reduced sex differences in the diurnal distribution of delta power. When normalized NREM delta power was averaged over 2-hour intervals (Figure 2 ), a repeated-measures 2-way ANOVA revealed a main effect of time (F 11,154 = 16.4, p = .000) but not an effect of sex (F 11,154 = 1.5, NS) or a sex × time interaction (F 11,154 = 2.5, NS). Consequently, NREM delta power between gonadectomized males and females was not different (p > .05) at any of the 2-hour time intervals during baseline recording (Figure 2) . Similarly, when relative delta power was determined for the light and dark phases (Figure 3) , a 2-way ANOVA revealed no main effects of sex (F 1,14 =2.3, NS) or time (F 1,14 =0.4, NS) in gonadectomized male and female mice and no sex × time interaction (F 1,14 =1.8, NS).
Sleep Fragmentation
Sex differences in number of stage shifts, number of arousals, and mean wake-bout duration during the dark phase were each reduced by gonadectomy in males and females (Tables 1). A 2-way ANOVA revealed main effects of time (p < .05) on all 3 variables but no effects of sex (p>.05), and no sex × time interactions (p > .05), indicating that sex differences in sleep fragmentation were eliminated by gonadectomy.
Males and Females Exhibited Differences in NREM Sleep Amount and Delta Power During Recovery From Sleep Deprivation
NREM Sleep
The amount of sleep during the 10-hour recovery period was compared with the corresponding baseline period in intact male and female mice. A 2-way ANOVA revealed a main effect of sleep deprivation (F 1,14 = 16.4, p = .000), a main effect of sex (F 1,14 = 7.2, p = .03), and an interaction between sex and sleep deprivation (F 1,14 = 8.7, p = .03) on NREM sleep amount. Posthoc analysis revealed that intact males and females had more NREM sleep during the recovery period, compared with the corresponding baseline period ( Figure 5 ). There was no sex difference (p > .05) in the absolute amount of NREM recovery sleep, but, since NREM sleep was higher in males during baseline recording, it was important to characterize recovery sleep as a percentage increase from baseline levels. This calculation revealed an effect of sex on the percentage increase of NREM recovery sleep over baseline levels ( Figure 5 ). Females had a significantly greater percentage increase (t = 3.4, p < .05) in NREM sleep, compared with males.
REM Sleep
A 2-way ANOVA showed a main effect of sleep deprivation on REM-sleep amount (F 1,14 = 75.7, p = .000) during the recovery period, with a net increase over corresponding 10-hour baseline levels ( Figure 5 ) but no effect of sex (F 1,14 = 1.3, NS) and no sex × sleep deprivation interactions (F 1,14 = 2.1, NS) . Figure 3-Relative non-rapid eye movement (NREM) delta power in intact (A) and gonadectomized (B) male and females during light, dark, and total 24-hour day. Data appear subdivided into the 14-hour light, 10-hour dark, and total 24-hour period. Relative NREM delta power was calculated as the quotient of absolute NREM delta power to total electroencephalogram power. Error bars represent mean ± SEM. Cast refers to castrated; Ovx, ovariectomized. ***p < .01
Sleep Deprivation
Interestingly, during 6 hours of sleep deprivation, males lost slightly more total sleep (215.11 minutes) than females [176.3 minutes; F 1,14 = 2.9, p = .045]. This was due to the increased sleep time in male mice during this period of baseline recording, particularly between ZT 8 and ZT10 (Figure 1) . Consequently, although both groups underwent the same gentle handling proce- 
NREM Delta Power
To determine the EEG response to sleep deprivation, NREM delta power for the 10-hour recovery period was normalized for each 2-hour interval as a percentage of baseline 24-hour NREM delta power ( Figure 6 ). A repeated-measures 2-way ANOVA revealed a main effect of sex (F 11,154 = 7.6, p = .005) and of time (F 11,154 = 60.4, p = .000) and a sex × time interaction (F 11,154 = 15.4, p = .001). Posthoc analysis revealed that males and females exhibited differences (p < .05) in normalized delta power at 3 time points during recovery from sleep deprivation (Figure 6 ). During the 2 hours immediately following sleep deprivation, delta power in males was higher (p < .05) than in females. During the last 4 hours of the dark phase, ZT 20 to 22 and again at ZT 22 to 24, males exhibited lower delta power (p < .05) than females.
Gonadectomy Altered Sex Differences in Recovery From Sleep Deprivation
NREM Sleep
The major impact of gonadectomy on sleep deprivation was the reduction of the sex difference in percentage increase of NREM recovery sleep over baseline levels ( Figure 5) . A 2-way ANOVA revealed a main effect of sleep deprivation (F 1,14 = 15.5, p = .000) but no effects of sex (F 1,14 = .86, NS) nor an interaction between sex and sleep deprivation (F 1,14 = 1.4, NS) on NREM sleep amount during the recovery period. Posthoc analysis revealed that gonadectomized males and females had more NREM sleep (p < .05) during the recovery period, compared with the corresponding baseline period ( Figure 5 ). Gonadectomy in males and females eliminated the sex difference in baseline NREM sleep amount during the dark phase (Figure 4 ), but it did not alter their absolute values of NREM recovery sleep. Since gonadectomized mice did not exhibit sex differences in either baseline or recovery NREM sleep, there were no sex differences (t = 1.2, p > .05) in the percentage increase of NREM recovery sleep over baseline levels in response to sleep deprivation. 
REM Sleep
Surprisingly, although no sex-related differences in REM recovery sleep were observed in intact mice, castration in males led to enhanced REM recovery sleep amount ( Figure 5 ). Gonadectomized males and females displayed a main effect of sleep deprivation on REM-sleep amount (F 1,14 = 12.7, p = .002) during the recovery period, gaining a net increase over their corresponding baseline levels ( Figure 5D ). There was also a main effect of sex on the amount of sleep gained (F 1,14 = 23.0, p = .000) and an interaction between sex and sleep deprivation (F 1,14 =9.5, p = .005). When recovery sleep was analyzed as a percentage increase over baseline values, the castrated group exhibited a value higher (t = 5.6, p < .05) than that of the ovariectomized group. This observation most likely occurred because the absolute amount of REM recovery sleep in the castrated group was higher (p < .05) than in the ovariectomized group.
NREM Delta Power
Gonadectomy reduced the sex differences in NREM delta power during sleep rebound. When delta power for the recovery period was subdivided into 2-hour intervals, a repeated-measures ANOVA revealed a main effect of time (F 11,154 = 42.3, p = .000) and a sex × time interaction (F 11,154 =4.3, p = .02) but no effect of sex. NREM delta power was similar between gonadectomized male and female mice at ZT 14 to 16 and ZT 20 to 22 (p > .05), as opposed to the differences noted in intact mice ( Figure 6 ). Furthermore, ovariectomy increased delta power in females at ZT 14 to 16 (p < .005) and decreased delta power at ZT 20 to 22 (p < .05). Castration in males had no significant effect (p > .05) on NREM delta power at these time points. At ZT 22 to 24, gonadectomized female mice exhibited higher delta power than males (p < .005), as was observed in intact animals. The magnitude of the difference, however was reduced.
Sleep deprivation has its greatest impact on NREM delta power during the short time immediately following the cessation of the deprivation. Since mice displayed such a robust sex difference in delta power during the first 2 hours of recovery sleep, we depicted the effect of gonadectomy on the increase of normalized NREM delta power over baseline values during this period (Figure 6) . Interestingly, though gonadectomy in males and females eliminated the sex differences, the increase in NREM delta power in gonadectomized males and females resembled the intact male pattern. This result demonstrates that the impact of ovariectomy on NREM delta power early in the active phase of baseline and recovery sleep is greater than the impact of castration and that ovariectomy in females was sufficient to eliminate the sex differences in NREM delta power during this period.
DISCUSSION
The first major finding of this work is that B6 mice display considerable sex differences in sleep architecture under baseline conditions. Female mice were awake approximately 1.5 hours more a day than male mice, an excess that occurred mostly during the active phase. The additional wakefulness in females occurred at the expense on NREM sleep during the active phase and coincided with a more consolidated sleep-wake profile that was characterized by less sleep fragmentation, a lower number of arousals from sleep, and longer bouts of wakefulness.
The second major finding of this study is that gonadectomy in male and female mice eliminated the sex difference in daily amounts of wakefulness and NREM sleep. During baseline recording, amounts of wakefulness and NREM sleep were nearly equivalent in castrated males and ovariectomized females and intermediate between those observed in intact males and females. Castration and ovariectomy had slight but opposite effects on wake and NREM sleep, and both had their largest effect during the active phase. Though the ovariectomy-induced decrease in wake and corresponding increase in NREM sleep amount observed in females were statistically significant, the changes observed in castrated males were not. Castration was sufficient however, to eliminate sex differences in 24-hour averages of wake and NREM sleep amount from values in intact females. Gonadectomy also reduced sex differences in total number of stage shifts, total number of arousals, and average wake-bout duration. An examination of Table 1 demonstrates that castration in males had a greater effect on total number of stage shifts than did ovariectomy in females. The effect of gonadectomy in males and females on total number of arousals was slight but sufficient to reduce the sex difference. Interestingly, though ovariectomy significantly increased sleep amount in females, it also reduced mean wake-bout duration to levels slightly higher but not significantly different from those of intact males. In this respect, ovariectomy adjusted mean wakebout duration in females to the male pattern.
The third major finding of this study was that, following sleep deprivation, the percentage increase of NREM recovery sleep over baseline levels was greater in females than in males. It is important to note that absolute values of NREM recovery sleep amount were not different in males and females. Consequently, females exhibited additional NREM recovery sleep because they began with lower amounts of sleep during baseline recording. Males and females also displayed sex differences in NREM delta power during recovery from sleep deprivation. During the first 2 hours of the recovery period, males exhibited higher normalized NREM delta power than females. However, as sleep drive dissipated over the remaining 8 hours of the recovery period, NREM delta power in males decreased more swiftly than in females, who completed the recovery period with higher values than males. Gonadectomy in males and females eliminated the sex differences in both NREM sleep amount and NREM delta power during recovery from sleep deprivation. In gonadectomized male and female mice, the absolute values of NREM recovery sleep remained similar; therefore, the elimination of sex differences in NREM sleep amount by gonadectomy was achieved by the nullification of baseline differences in NREM sleep amount. Interestingly, castration in males had a positive effect on REM-sleep amount, amplifying absolute levels of REM-sleep rebound above those observed in ovariectomized females and intact mice of both sexes.
The results of this study demonstrate that intact gonadal function in adult mice is critical to generate sex differences in baseline sleep architecture and NREM recovery sleep from sleep deprivation. When analyzed in the context of current sleep literature, these results support the hypothesis that gonadal hormones modulate sleep and act on the physiological systems that manage sleep. Furthermore, since the estrous cycle in B6 mice has little influence on daily sleep architecture, 23 these results suggest that the ability of gonadal hormones to generate sex differences in sleep and wakefulness is executed outside of their role in regulation of the estrous cycle in females. Studies in humans have successfully demonstrated that the reproductive steroid hormones (eg, progesterone, androgens, and estrogens) have a direct impact on sleep, 13 but the mechanisms through which the reproductive hormones influence sleep remain unknown.
Two intriguing findings in this study are (1) that the responses of sleep to gonadectomy tend to be opposite in males in females and (2) that ovariectomy alters sleep in females despite the lack of a significant impact of the estrous cycle on sleep-wake states. One possibility is that gonadal function may act on non-reproductive mechanisms to influence sleep, including the circadian timing system and the hypothalamic-pituitary-adrenal (HPA) axis.
It is interesting that, for the majority of parameters described in this study, sex differences occur in a diurnal pattern and are greatest during the active phase when the majority of behaviors that increase species' fitness, such as foraging and reproductive behaviors, occur, suggesting a possible selective advantage to the additional wakefulness exhibited in females. Therefore, the circadian timing system is one potential mechanism through which sex hormones may influence sleep-wake behavior. Indeed, the circadian clock and circadian gene function have important roles in both the timing of sleep and the regulation of sleep amount and sleep homeostasis. 24, 25 Comparatively, studies in humans, 26 rats, 18 and fruitflies 20 also describe diurnal differences in the expression and distribution of sleep-wake parameters. Interestingly, Drosophila exhibits a strikingly similar waking phenotype in which the females display more wakefulness than the males, primarily during the active phase. These diurnal variations suggest that the influence of sex hormones on sleep may involve the circadian timing system.
The demonstration that effects of the steroid hormone environment and/or sex on the expression of circadian rhythms, [27] [28] [29] [30] [31] and the discovery of steroid receptors in various brain regions involved in the regulation of sleep and circadian rhythmicity, [32] [33] [34] [35] [36] suggest that the effects of sex on the sleep-wake cycle could involve multiple components of the circadian clock and sleep-wake regulatory systems. The timing and consolidation of sleep and wakefulness are driven by the primary circadian pacemaker in the suprachiasmatic nucleus (SCN) of the anterior hypothalamus. The recent discovery of estrogen receptors in the SCN of humans and rodents (particularly estrogen receptor-β in mice and rats) adds support to the hypothesis that the effects of estrogen on sleep could be mediated by an action on SCN neurons, particularly estrogen receptorcontaining SCN neurons. 32, [37] [38] [39] [40] [41] Indeed, estrogen-receptor mRNA levels show a diurnal rhythm in the SCN in young and middleaged rats that is blunted in old rats, raising the possibility that the effects of estrogen on the sleep-wake cycle could be influenced by such diurnal variations and in aging. 38 Further support linking the sex hormones to the SCN are the findings that the SCN send projections to estrogen receptor and/or gonadotropins-releasing hormone immunoreactive neurons 42 and that estrogen-receptor neurons project to the SCN. 43 Peteferi et al 44 provided compelling evidence that gonadal hormones act on other brain areas important for sleep regulation. This group reported that exogenous estradiol replacement in ovariectomized sleep-deprived rats restores Fos immunoreactivity in response to sleep in relevant hypothalamic nuclei. Further support for the hypothesis that gonadal hormones modulate sleep and wake performance comes from studies in rats. Ovariectomy in rats results in a selective increase in the amount of night-time paradoxical sleep in females, abolishing the sexual dimorphism at night but not during the day. 18 Progesterone and its metabolites influence wake and NREM sleep in a manner similar to that of GABA A receptor agonists, increasing sleep and decreasing latency to NREM onset.
There are many examples of sex differences in HPA function that may influence sleep. In mice and rats, not only do females exhibit higher basal levels of HPA hormones than males, 45 but the propensity of acute stressors to augment HPA activity is consistently greater in females, who also demonstrate more robust behavioral and physiologic responses to circulating glucoccorticoids. [46] [47] [48] The influence of sex on HPA function is driven in large part by the reproductive hormones. Androgens decrease and estrogens increase basal and stress-induced plasma corticotropin-releasing hormone (CRH) and adrenocorticotropic hormone (ACTH) levels in rats. 49 Similarly, testosterone reduces the adrenal response to ACTH and acute stress, whereas estrogen increases plasma corticosterone (CORT) levels in response to restraint stress. [50] [51] [52] Gonadectomy increases basal CORT levels and amplifies the secretion of glucocorticoids in response to stress in males but decreases basal CORT levels and reduces stress-induced glucocorticoid secretion in females. 53 Though reports conflict as to the regulatory nature of the estrous cycle on HPA hormones in rodents, CORT generally is reported to show a moderate fluctuation over the estrous cycle, with levels highest during proestrus, whereas serum ACTH levels do not exhibit estrous-related fluctuations. [54] [55] [56] HPA hormones have a demonstrated effect on sleep-wake behavior in rodents. Though the estrous cycle has a negligible effect on sleep, the highest levels of wakefulness in B6 mice are observed during proestrus, when CORT levels are elevated. 23 Direct pharmacologic application of CRH in rats increases wakefulness and decreases slow-wave sleep when injected during the light phase. 57 The CRH-receptor antagonists, α-helical CRH and astressin, decrease wake and enhance slow-wave sleep when applied at the beginning of the dark phase. [58] [59] [60] Intracerebroventricular injection of ACTH has been shown to either increase wakefulness 61 or to have no effects on sleep-wake state amounts. 62 Taken together, these studies suggest that gonadal hormones may act, at least partially, through HPA function to modulate sleep in male and female mice.
In the current study, B6 mice exhibited important similarities to and differences from sex differences in humans. Similar to what was reported in mice in the current study, men display a more disturbed and fragmented sleep profile than women, a sex difference that increases with age. [63] [64] [65] Unlike what was observed in mice, studies demonstrate that women obtain more daily slowwave sleep than do men. [66] [67] [68] Interestingly, adult women still experience insomnia to a greater degree than do men, [5] [6] [7] [8] which is consistent with our findings that female mice exhibit more daily wakefulness. Women exhibit a greater increase in slow-wave activity during rebound from sleep deprivation than men. 69, 42 In the current study, sleep-deprived mice exhibited sex differences in NREM sleep rebound and NREM delta power, supporting the hypothesis resulting from observations in human subjects that sex differences in sleep and wakefulness increase under environmental challenge. 70 However, the effects of sleep deprivation in the current study are dependent on the baseline differences.
Genetic background is an important determinant of any phenotype. Studies showing that sleep-wake patterns differ between strains have only been conducted using male mice. Therefore, it will be important in future studies to determine the extent to which sex differences in sleep in mice are strain dependent or are generalizable across genetic backgrounds. The results reported in the current study suggest that the B6 mouse may represent an effective mammalian model for examining sex differences in sleep and wakefulness and for analyzing the effects of gonadal hormones on sleep. To date, there have been few reliable animal models to examine the mechanisms through which endogenous hormones endow sex differences in sleep architecture and influence sleep and wakefulness. The discovery of sex-and hormone-dependent differences in various sleep-wake parameters in mice, coupled with emerging information on genome sequence and function in this species, makes this model ideal for uncovering the genetic and physiologic mechanisms that underlie the effects of sex on the sleep-wake cycle.
